Introduction
MicroRNAs (miRNAs) are an abundant class of endogenous, small (22-nucleotide) , single strand, and noncoding RNA molecules that can bind to the 3'untranslated region (3'UTR) of target mRNA and regulate the stability and translation of mRNA, resulting in either inhibition of translation or degradation of the target mRNA (1) (2) (3) . MiRNAs play essential roles in diverse biological processes, including cell proliferation, differentiation, apoptosis, and tumor oncogenesis (4) (5) (6) . Recently, numerous studies have revealed that miRNAs play critical roles in osteoblast differentiation. For example, miR-34s reportedly inhibits osteoblast differentiation by targeting special AT-rich sequence-binding protein 2 (SATB2) (7) . MiR-210 is upregulated during BMP4-induced osteoblastic differentiation of bone marrow stromal cells, promoting osteoblastic differentiation by downregulating activin A receptor type IB (Acvr1b) expression (8) . MiR-141 and miR-200a are involved in preosteoblast differentiation through the translational repression of distal-less homeobox 5 (Dlx5), a bone-generating transcription factor expressed in preosteoblast differentiation (9) .
Interferon-induced transmembrane protein 5 (IFITM5) is a member of the interferon-induced transmembrane (IFITM) protein family, of which there are at least four closely related members in humans (IFITM1, -2, -3, and -10) clustered on chromosome 11 (10) (11) (12) . IFITM5 encodes a 132-amino acid protein that has two transmembrane domains, such that it has extracellular N and C termini and an intracellular loop (13) . IFITM5 has an aspartate-rich domain in the C-terminal region, that may be involved in calcium binding (10) . Previous studies have confirmed the expression of IFITM5 in bone tissues in humans and that expression increases under culture conditions favoring osteogenic differentiation (14) (15) (16) . Moreover, IFITM5 is a positive modulator of mineralization according to overexpression and knockdown studies in cultured osteoblasts (13) . Little is presently known about regulation of the IFITM5 gene. The aim of the current study was to identify appropriate miRNAs and investigate their impact on IFITM5 expression. In human osteosarcoma Saos-2 cells, IFITM5 expression is closely correlated with differentiation and mineralization in vitro (13) , so Saos-2 cells were chosen as a model of pro-mineralizing cells. Results revealed miR-762 can directly target the mineralization-related gene IFITM5 and inhibit its expression, providing a theoretical basis for further study of the mechanisms by which miR-762 regulates the progress of bone mineralization.
Materials and Methods

Cell culture and miRNA mimics transfection
Human osteosarcoma Saos-2 cells, acquired from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), were cultured in McCoy's 5A (Gibco, Carlsbad, CA, USA) supplemented with 15% (v/v) fetal bovine serum (Gibco, Carlsbad, CA, USA). The cells were incubated at 37°C in a humid chamber containing 5% CO 2 . MiRNA mimics and miRNA negative control (miR-NC) were purchased from a commercial manufacturer (GenePharma, Shanghai, China). Saos-2 cells were seeded in a 6-well plate (2 × 10 5 /well) 24 h before transfection and cells were transfected with miRNA mimics (50 nM) or miR-NC (50 nM) using FuGENE ® HD transfection reagent (Promega, Madison, WI, USA) in accordance with the manufacturer's protocol. The empty pmirGLO vector served as a blank control.
Bioinformatic prediction
MiRNAs can be predicted using a computational approach. First, the potential binding sites in the messenger RNA 3'UTR were identified according to specific base-pairing rules, and second, cross-species conservation requirements were implemented. A predictive search for miRNAs targeting IFITM5 was performed using the programs TargetScan (http://www. targetscan.org), miRanda (http://www.microrna.org) and DIANA-microT (http://diana.cslab.ece.ntua.gr).
2.3.
Construction of plasmids and luciferase activity assay IFITM5 3'UTR including the predicted binding site of miR-762 was amplified by a reverse transcriptasepolymerase chain reaction (RT-PCR) ( Table 1 ) and inserted into multiple cloning sites of the T-Vector pMD19 (pMD19-UTR) (Takara Bio, Otsu, Japan) using the SacI and XbaI restriction sites. A sitedirected gene mutagenesis kit (Takara Bio) was used to construct a mutant type of miR-762-binding site vector (pMD19-mUTR) with 4 base mutations within the seed region in accordance with the manufacturer's protocol. The pmirGLO dual-luciferase miRNA target expression vector (pmirGLO vector) containing both the firefly luciferase gene and Renilla luciferase gene was purchased from Promega (Madison, WI, USA). The particular restriction enzyme fragment of pMD19-UTR and pMD19-mUTR wsa inserted into 3'UTR down-stream of the firefly luciferase gene of the pmirGLO vector (pmirGLO-UTR and pmirGLOmUTR). Both constructs were confirmed by restriction enzyme digestion and sequencing (Huada, Beijing, China). Saos-2 cells were seeded in a 96-well plate (2 × 10 4 /well) 24 h before transfection. The cells were transfected with 50 nM of miRNA mimics or miR-NC and 1.0 μg/mL of reporter vectors using FuGENE ® HD transfection reagent. Luciferase activity was measured 24 h after transfection using a Dual-Glo luciferase assay system (Promega), and firefly luciferase activity was 13 gels and was then transferred onto a polyvinylidene fluoride (PVDF) membrane and blocked by incubation with 5% low fat milk in TBST (10 mM Tris, 100 mM NaCl, and 0.05% Tween-20) for 1 h. The membranes were incubated overnight at 4°C with the following primary antibodies: rabbit polyclonal anti-human IFITM5 (1:1,000) from Sigma (St. Louis, MO, USA) and rabbit polyclonal anti-human GAPDH (1:2,000) from Proteintech Group, Inc. (Wuhan, Hubei, China). Unbound antibody was removed by washing with TBST buffer three times (10 min/wash). The membranes were then incubated with horseradish peroxide-conjugated secondary antibody for 1 h at room temperature, after which they were washed with TBST buffer three times (10 min/wash). The blots were developed with ECL reagent (Millipore Corporation, Billerica, MA, USA) in accordance with the manufacturer's instructions.
Statistical analysis
For quantitative data, results are expressed as the mean ± S.D. of n observations. Statistical significance between groups was determined using an unpaired Student's t-test. Statistical significance was defined as p < 0.05.
Results
MiR-762 was predicted to bind to IFITM5 3'UTR
To explore the regulatory mechanism of IFITM5, a regulator of osteoblast differentiation, bioinformatic analyses were performed using TargetScan, miRanda, and DIANA-microT to predict the putative miRNAs binding to IFITM5 3'UTR. Although each program predicted dozens of different miRNAs, the common miRNA they all predicted was miR-762. The programs all predicted that there would be one binding site in IFITM5 3'UTR. Further analysis revealed that 12 bases of the IFITM5 3'UTR gene matched the miR-762 seed sequence, in which 7 bases were highly conserved, suggesting that IFITM5 may be a predicted target gene of miR-762 that is highly conserved ( Figure 1A) . A recent study found that miR-762 was involved in calcification of human vascular smooth muscle cells (VSMCs) calcification (17) . Therefore, miR-762 was selected for further study.
MiR-762 directly targeted IFITM5 3'UTR
To confirm that IFITM5 3'UTR was a direct target of miR-762, a pmirGLO-UTR vector containing the miR-762 binding sites was constructed to perform a reporter assay, and pmirGLO-mUTR containing mutant binding sites was used as a control. Both constructs were confirmed by restriction enzyme digestion and sequencing (Figure 2) . The luciferase activity of the reporter vectors was assayed 24 h after cotransfection normalized to Renilla luciferase activity. The empty pmirGLO vector served as a blank control, and values for cells with empty pmirGLO vector were set equally to 1 for each comparison. Experiments were performed in triplicate and repeated three times. Data are presented as means ± S.D.
Total RNA extraction and real-time quantitative RT-PCR (qRT-PCR) analysis
RNA was isolated using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's protocol, and the yield and quality of RNA samples were determined with a NanoDrop 2000c spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Levels of expression were measured using qRT-PCR. For miRNA quantification, the first-strand miRNA-cDNA PCR template was generated from 1.0 μg of total RNA using a miRNA first-strand cDNA synthesis kit (Tiangen, Beijing, China) in accordance with the manufacturer's instructions. Using cDNAs as templates, qRT-PCR was performed with a LightCycler 480 II (Roche, Basel, Switzerland) and miRcute miRNA qPCR detection kit (Tiangen) in accordance with the manufacturer's instructions. Cycling conditions were 1 cycle of 94°C for 2 min and 40 cycles of 94°C for 20 s and 60°C for 34 s. For measurement of the IFITM5 transcript from total RNA, total cDNA was synthesized using a reverse transcription kit (Takara Bio). QPCR was performed using SYBR Green II Master Mix (Roche) and the LightCycler 480 II. Amplification conditions were 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 10 s, annealing 60°C for 20 s and extensionat 72°C for 30 s. All PCR assays were performed in triplicate. U6 snRNA and GAPDH were used as endogenous controls for miRNA and mRNA, respectively. The sequences of all primers are shown in Table 1 . The -ΔΔCt method was used to determine relative quantitation of miRNA and mRNA expression in Saos-2 cells, and the fold change was determined using the formula 2 -ΔΔCt .
Western blotting
Eight days after transfection with miR-762 mimics or miR-NC, total protein extracts from the cells were homogenized in radio immunoprecipitation assay (RIPA) Lysis buffer (Beyotime, Shanghai, China) supplemented with phenylmethanesulfonyl fluoride (Beyotime, Shanghai, China) on ice for 60 min and then centrifuged at 14,000 g for 15 min at 4°C. The protein concentration was determined using the Bradford method (BioRad Laboratories, Carlsbad, CA, USA). Samples (20 μg) were suspended in Laemmli loading buffer and incubated at 100°C for 6 min. Proteins were separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with miR-762 mimics or negative control in Saos-2 cells. When cotransfected with miR-762, the relative luciferase activity of pmirGLO-UTR was significantly suppressed by 52% ( Figure 1B ) in comparison to cotransfection with the negative control. In addition, the relative luciferase activity did not change when cotransfection was done with miR-762 and pmirGLO-mUTR containing a mutant binding site ( Figure 1C ), indicating that IFITM5 3'UTR is a direct target of miR-762.
MiR-762 negatively regulated IFITM5 gene expression
To further confirm that IFITM5 is a target gene for miR-762, qRT-PCR and Western blotting analysis were used to detect the expression of IFITM5 regulated by miR-762 in Saos-2 cells. Levels of miR-762 and IFITM5 mRNA in cells were determined using qRT-PCR. The expression of miR-762 was significantly up-regulated in comparison to miR-NC and the blank control in Saos-2 cells ( Figure 3A) . However, variations in the level of IFITM5 mRNA were not noted (p > 0.05) ( Figure 3B ). Interestingly, the protein level of IFITM5 was suppressed by miR-762 mimics ( Figures 3C and  3D ) in comparison to miR-NC in Saos-2 cells. Taken together, these results suggest that IFITM5 is a target gene of miR-762 and that IFITM5 is down-regulated by miR-762 only at the translational level in Saos-2 cells. 
Discussion
Bone homeostasis is balanced between bone formation and bone absorption by osteoblasts and osteoclasts, respectively (18) . Therefore, study of osteoblast differentiation is essential to provide a better understanding of the skeletal disorders associated with bone mineralization, such as ankylosing spondylitis. MiRNAs display a novel mode of regulating gene expression and may regulate 30%-50% of human gene expression, though miRNAs account for only about 1% of all RNAs (19) . Thus, important miRNAs should be identified as potential therapeutic targets for treatment of diseases related to bone mineralization.
Three different biological prediction programs (TargetScan, miRanda, and DIANA-microT) predicted that the 7 seed sequence of miR-762 combined with IFITM5 3'UTR at the same time. The 2-8 nucleotides of miRNA, known as the ''seed region'', are thought to be the most important for recognition (20) . Comparison of the relative luciferase activity of the wild-type and mutant recombinant vectors to miR-NC revealed that miR-762 combines with IFITM5 3'UTR and then suppresses the expression of the target gene. There was a low level of miR-762 expression in Saos-2 cells and miR-762 was significantly up-regulated after miR-762 mimics were transfected. Furthermore, expression of IFITM5 was significantly down-regulated by overexpressed miR-762 at the translational level and not at the mRNA level. These findings suggest that miR-762 downregulated expression of IFITM5 via imperfect complementarity to IFITM5 3'UTR in Saos-2 cells.
MiR-762 is reportedly involved in tumorigenesis and in the development and progression of diseases such as diabetes and immune system diseases; miR-762 acts by targeting a number of important genes (21) (22) (23) . Significance analysis of microarrays initially revealed that miR-762 is significantly upregulated in oral squamous cell carcinoma, suggesting that miR-762 plays a role in oral carcinogenesis (21) . Recently, the neural precursor cell-enriched miR-762 was found to translationally downregulate adenosyl methionine decarboxylase 1 (Amd1), a key enzyme required for the synthesis of the polyamines spermine and spermidine, as it regulates both embryonic stem cell self-renewal and differentiation into a neural lineage (24) . MiR-762 is also reported to be upregulated in human corneal epithelial cells in response to tear fluid and pseudomonas aeruginosa antigens and it negatively regulates the expression of innate host defense genes encoding RNase7 and ST2 (23) . More importantly, Gui et al. (17) found that miR-762 disrupts calcium transport, thereby increasing the concentration of intracellular Ca 2+ and thus resulting in Pi-and Ca- induced human VSMC calcification both in vivo and in vitro. Interestingly, IFITM5 has an aspartate-rich domain in the C-terminal region that could be involved in calcium binding. IFITM5 overexpression in primary rat osteoblasts was found to result in a 60% increase in Ca 2+ uptake (13) . Hence, miR-762 is more likely to influence osteoblast mineralization through contact with IFITM5.
At present, two independent studies found that a mutation in the 5'UTR of the IFITM5 gene is the cause of osteogenesis imperfecta (OI) type V (14, 25) . OI type V is characterized by an autosomal-dominant inheritance pattern, propensity to hyperplastic callus formation, and calcification of the fore-arm interosseous membrane (26) . Research has fully demonstrated that IFITM5 plays a major role in human skeletal physiology. Overexpression of IFITM5 in osteoblasts results in increased mineralization in vitro (13) and in the current study a low level of miR-762 in Saos-2 cells increased the expression of IFITM5, which may possibly contribute to hyperplastic callus formation. Furthermore, FK506-binding protein 11 (FKBP11) was identified as the only known binding partner of IFITM5 (27) . Recent studies have revealed that the S-palmitoylation on IFITM5 promotes interaction with FKBP11 and cumulatively forms IFITM5-FKBP11-CD81, the prostaglandin F2 receptor negative regulator (FPRP) complex. Formation of this complex also leads to osteoblast-specific increased expression of 5 interferon-induced genes (28) (29) . Accordingly, speculation is that IFITM5 and FKBP11 might cooperatively regulate bone formation.
In conclusion, the current data indicate that miR-762 is a novel regulator of IFITM5. MiR-762 suppresses the expression of IFITM5 at the translational level in Saos-2 cells and probably contributes to the progression of bone mineralization. These findings shed new light on the roles of miRNAs in osteoblast differentiation.
